Abstract The crystal structure of Escherichia coli bacterioferritin has been solved to 1.9 Å , and shows the symmetrical binding of a haem molecule on the local twofold axis between subunits and a pair of metal atoms bound to each subunit at the ferroxidase centre. These metals have been identified as zinc by the analysis of the structure and X-ray data and confirmed by microfocused proton-induced X-ray emission experiments. For the first time the haem has been shown to be linked to both the internal and the external environments via a cluster of waters positioned above the haem molecule.
Introduction
Bacterioferritin from Escherichia coli is an iron-storage protein consisting of 24 identical subunits (18 kDa each) which form a roughly spherical structure approximately 120 Å in diameter, with an 80-Å hollow core. Within the core, iron is deposited as a hydrated ferric oxide mineral. The X-ray structure of E. coli bacterioferritin has previously been solved [1, 2] to 2.9 Å resolution [Protein Data Bank (PDB) codes 1BFR, 1BCF] and more recently to 2.5 Å resolution [3] (PDB code 2HTN). The arrangement of the subunits exhibits 432 point group symmetry, with channels at the fourfold and threefold axis connecting the inner core to the outside environment. Previous structures showed the haem binding in a symmetrical hydrophobic pocket located on the twofold axes between two symmetryrelated subunits and also two metal ions are observed binding to each monomer at the ferroxidase centre. These metals have previously been assigned as manganese [1, 2] , or as a mixture of iron and zinc [3] .
As well as the haem binding bacterioferritin, E. coli also possess another iron-storage protein in the form of the non-haem-binding ferritin. Ferritin is an iron-storage protein with an overall architecture similar to that of bacterioferritin but lacking haem. It is made up of 24 identical subunits of approximately 18 kDa, binds two non-haem metals per subunit and also exhibits 432 point group symmetry. It has been suggested that the ferritin and bacterioferritin monomers are the bacterial equivalents of the H and L chains of the mammalian ferritin system [4] .
The bacterioferritin described in this paper was produced from E. coli BL21 expressing a gene for a thermophilic aldo-keto reductase (AKR); the bacterioferritin copurified with the AKR up to the final stage of purification. Once separated from the AKR, the then unidentified protein was crystallised and identified as E. coli bacterioferritin by solution of the crystal structure to 1.9 Å resolution using anomalous dispersion techniques. This new structure shows haem binding in two alternative conformations. It also suggests that zinc binds to the protein at the ferroxidase centre on the basis of co-ordination geometry, B factor and the absence of strong difference peaks at the iron K-absorption edge. Recently the bacterioferritin from Mycobacterium smegmatis has been found to bind zinc in its dinuclear site [5] . The study described here also used microfocused proton-induced X-ray emission (microPIXE) experiments to confirm the zinc binding at the dinuclear ferroxidase centre.
Materials and methods

Expression and purification
The gene encoding the thermophilic AKR was cloned into the expression vector pTRC99 [6] , and expressed in E. coli BL21. Expression was carried out by inoculating 1 L of liquid broth with 1 mL of a starter culture which was then grown at 37°C to an optical density of approximately 1.5 (at 595 nm) prior to addition of isopropyl b-D-galactopyranoside and further incubation at 37°C for 16 h. Cells were harvested by centrifugation at 4°C (12,000g, 20 min).
All purification steps were performed at 4°C unless stated. Cells were resuspended 10% (w/v) in 20 mM tris(hydroxymethyl)aminomethane Tris-HCl pH 7.2 (buffer A), disrupted by sonication on ice using a Soniprep 150 (Sanyo) and the cell debris was removed by centrifugation (12,000g, 20 min). The supernatant was incubated with Benzonase (1 U/mL) at 37°C for 30 min. Protamine sulfate (1 mg/mL) was added and the extract was incubated at 4°C for 30 min, prior to centrifugation (12,000g, 20 min) to remove nucleic acids. The supernatant was then heated to 80°C for 20 min and centrifuged (12,000g, 20 min) to precipitate and remove a large proportion of the E. coli proteins.
The heat-treated supernatant was made 2 M with respect to KCl and was loaded onto a phenyl-Sepharose column (GE Healthcare, UK). The AKR was eluted with a linear gradient from 2 to 0 M KCl in buffer A. Fractions containing the recombinant AKR were pooled together. The pooled protein was then purified by a Fast Flow Q anionexchange column (GE Healthcare, UK) and eluted with a gradient of 0-0.5 M NaCl in buffer A. A final step of gelfiltration chromatography (Superdex 200; GE Healthcare, UK) was carried out in buffer A with 0.1 M NaCl. The purity of the sample was assessed throughout the procedure by sodium dodecyl sulfate polyacrylamide gel electrophoresis [7] . The fractions that were eluted earlier from the gel-filtration column were concentrated for crystallisation experiments.
Crystallisation
The protein was concentrated to 10 mg/mL in buffer A containing 0.1 M NaCl using a Vivaspin centrifugal concentrator (Sartorius, UK) with a 30-kDa molecular mass cut-off. Crystallisation was carried out using the sittingdrop vapour-diffusion method at 20°C. Reservoir solutions contained 20 mM Tris-HCl pH 7.2, 0.1 M NaCl and 50-80% (saturated) ammonium sulfate. An aliquot of 2 lL of protein was mixed with 2 lL of the reservoir solution to form the droplet.
Crystallographic data collection and processing X-ray data were collected at beamline 10.1 at the Synchrotron Radiation Source at Daresbury, UK [8] , from a single cryocooled crystal using a MAR225 CCD detector. An X-ray absorption fine structure scan at the iron K edge was performed to confirm the presence of iron and allow data collection for multiwavelength anomalous dispersion (MAD) phasing. Data were collected with 0.3°increments and 30-s exposures at a peak wavelength of 1.739 Å (429 images) and at a remote wavelength of 1.729 Å (358 images). Both datasets were processed with DENZO and SCALEPACK [9] . The mosaicity of the crystal was 0.4°. The program TRUNCATE [10] was used to calculate structure factor amplitudes and MLPHARE [11] was used for the phase calculation. Density modification by solvent flattening and non-crystallographic symmetry averaging was performed by DM [12] .
MicroPIXE experiments
MicroPIXE measurements were performed at the Ion Beam Centre at the University of Surrey. A 2.0-MeV 1.5-lmdiameter proton beam was used to induce X-ray emission from 0.2 lL liquid protein samples dried onto 2-lm-thick Mylar film in a vacuum. X-rays were detected by a highenergy-resolution solid-state lithium-drifted silicon detector. The proton beam was scanned across the drop in X and Y, and by definition of software windows round the X-ray peaks, the signals from elements of interest were sorted into elemental maps. To try to quantify the element concentrations, point spectra were collected at four selected points in the sample and also at points on the buffer and the backing foil. The spectra were analysed using the programs DAN32 and GUPIX [13, 14] .
The microPIXE method has been used very successfully in both identifying elements in proteins and in measuring their stoichiometric ratio (calibrated per protein molecule by using the sulfur peak to give an internal normalisation of the sulfur atoms from the known cysteines and methionines) to an accuracy of between 10 and 20% on over 70 samples [15] .
Results and discussion
Purification and crystallisation
Throughout the purification the AKR copurified with the bacterioferritin and the two proteins were only separated by gel-filtration chromatography. The AKR was eluted with a symmetrical peak corresponding to a molecular mass of 112 kDa, and the bacterioferritin was eluted at a volume corresponding to approximately 460 kDa. The sodium dodecyl sulfate polyacrylamide gel electrophoresis analysis showed that the bacterioferritin peak contained a significant proportion of the AKR and also exhibited significant AKR activity when assayed. The bacterioferritin fractions were concentrated to 10 mg/mL and exhibited a bright red colour, characteristic of iron.
The concentrated protein was used in crystallisation trials with various amounts of ammonium sulfate, and yielded crystals overnight. The best crystals, which had dimensions 0.12 9 0.12 9 0.12 mm 3 , were obtained in 20 mM Tris-HCl pH 7.2, 60% (saturated) ammonium sulfate. The crystals were transferred into cryogenic liquor containing 30% glycerol (v/v), 47% (saturated) ammonium sulfate, 100 mM NaCl in 20 mM Tris-HCl pH 7.2 for 5 min and flash-cooled in liquid N 2 .
Structure solution and refinement
The crystal diffracted to 1.9 Å resolution and belonged to the space group P4 2 2 1 2, with unit cell parameters a = 208.1 Å , b = 208.1 Å , c = 142.8 Å and a = b = c = 90.00°. The processing statistics for both datasets are presented in Table 1 .
Six iron atoms were identified within the asymmetric unit using SHELXD of the SHELX package [16] . Iron positions, occupancies and anomalous occupancies were refined by MLPHARE [11] and phases were produced with a figure of merit of 0.136-1.9 Å (0.27-3.5 Å ). Sixfold averaging was applied to improve the phases further and to allow identification of the helices and the backbone to be traced. A partial model was built into the density using COOT [17] ; model phases were combined with the anomalous phases and averaged. Phased refinement of the partial model was performed with the averaged phases using the program REFMAC [18] . Several rounds of model building and refinement against the data collected at the remote wavelength were carried out until the side chains could be unambiguously identified. This putative amino acid sequence identified from the electron density was then input into BLAST [19] , which identified E. coli bacterioferritin as having the highest similarity to our putative sequence.
A dimer of the bacterioferritin (PDB code 1BFR) was then used as a model for molecular replacement using MOLREP [20] . Further dimers, to produce a total of 12 monomers in the asymmetric unit, were found neighbouring the first using molecular replacement and the symmetry operators from the iron positions using LSQKAB [21] . This model was used for further refinement using COOT and REFMAC. The refinement statistics are presented in Table 2 .
MicroPIXE experiments
The presence of iron in the bacterioferritin was determined by X-ray absorption fine structure prior to the data collection, but the structure revealed other metal sites in the protein not occupied by iron. MicroPIXE analysis showed iron, zinc and a small amount of copper present in the sample (Fig. 1) . The buffer and backing alone were completely clean of iron, zinc and copper. Unfortunately, owing to the presence of chloride in the buffer, which gave a large X-ray peak next to the sulfur peak, it was not possible to quantify the amounts of iron, zinc and copper present. Iron is not thought to occupy the ferroxidase site since all the iron positions were identified from MAD phasing, leaving zinc and copper as potential candidates. Both copper and zinc are capable of binding to the ferroxidase site; zinc, however, has a much higher affinity than does copper 
where I(h) is the intensity of reflection h. R h is the sum over all reflections and R J is the sum over J measurements of the reflection. Values in parentheses are for the highest-resolution shell a Anomalous equivalents were scaled separately 
and given the higher concentration of zinc, we conclude that the metal sites are occupied by zinc. In addition to binding to the ferroxidase site, copper is also thought to bind to lowaffinity sites on the interior of bacterioferritin [22, 23] . Given the levels of copper observed and the inability of copper to displace zinc from the ferroxidase site, it is suspected that copper is present at such low-affinity sites rather than as a mixed copper/zinc species in the ferroxidase site.
Final structure
Overall architecture
Each subunit of the bacterioferritin, as previously reported [1] [2] [3] , consists of a four-helix bundle with a short fifth helix (Fig. 2) . Helices B and C are connected by a loop traversing the length of the monomer on the external face of the biological unit. The biological unit is composed of 24 subunits in a near-spherical arrangement (Fig. 3) , 120 Å in diameter with an 80 Å hollow core. The protein shows 432 point group symmetry; the fourfold and threefold axes are located at what is expected to be the channels linking the core to the external environment. The protein can be viewed as being made up of 12 dimers, with each monomer arranged head to tail with a local twofold axis located between them.
Location of haem
The iron located in the structure is present within a haem molecule situated on an NCS twofold axis within a symmetrical hydrophobic pocket created by the dimer interface, and is coordinated by two equivalent Met-52 residues from neighbouring subunits. Owing to the symmetrical nature of the binding site, the haem might be expected to bind in two alternative conformations. At the resolution of the structure presented, the electron density clearly shows the binding of haem in both conformations, each at half occupancy with no preference for either Fig. 1 Microfocused proton-induced X-ray emission point spectra for bacterioferritin, showing peaks for iron, zinc and copper, and a large chlorine peak from the buffer. The shoulder on the higherenergy side of this peak is from the sulfur in the protein and in the absence of chlorine would normally be used as an internal normalisation to quantify the iron and zinc per protein molecule (from the number of cysteines and methionines in the primary sequence) Fig. 2 The dimer of Escherichia coli bacterioferritin shown as a a stereo view of C a trace with residues Met-1 and Glu-157 labeled and b a cartoon representation coloured from the N-terminus (blue) to the C-terminus (red). Zinc ions are shown as grey spheres and haem as a stick representation. The picture was produced using PyMOL (Delano Scientific, USA) conformation (Fig. 4) . The C8 vinyl is also modeled in two additional orientations to account for the extra density at this position. Four water molecules are found located at the back of the haem binding pocket, and have also been observed in previously determined bacterioferritin structures (1BFR,  1BCF, 2HTN ). These water molecules are found to be coordinated in a fashion similar to those in the other structures with two symmetry-related Asn-23 residues forming hydrogen bonds with all four waters, and the backbone oxygen of two related Leu-19 residues hydrogen-bonding to the two innermost waters. In the structure presented here, the outer pair of waters is seen to interact with an additional water sitting in a channel linking it to the external environment (Fig. 5) . In this way a link is made between the internal and the external environment of the bacterioferritin via this water cluster and the haem. This could be a pathway for the transport of electrons. This is the first bacterioferritin structure from any organism to show a direct link from the haem to the external environment. When horse spleen ferritin was loaded with haem [24] , the rate of iron reduction and release from the core was increased by increasing the rate at which electrons were delivered to the core. Bacterioferritin may be using the haem here in a similar way by using the water pocket as a link to the external environment. Fig. 3 The spherical structure of bacterioferritin viewed down the fourfold axis. The biological unit is shown; two asymmetric units. The picture was produced using PyMOL (Delano Scientific, USA) Fig. 4 The electron density map showing the two different orientations that haem can adopt. The F o -F c map was calculated using phases from the model in which the haem was omitted and was contoured at a level of 3r. The two orientations are related by a 180°r otation about the vertical axis through the iron. The internal cavity is located at the top. The picture was produced using PyMOL (Delano Scientific, USA) Dinuclear metal site
Previous structures of E. coli bacterioferritin have been found to contain two bivalent metal atoms in each subunit at the ferroxidase centre. These have been described as manganese [1, 2] or a mixture of iron and zinc [3] , but in either case they were not conclusively identified as such. In comparison with these lower-resolution structures, the metal ions in the ferroxidase centre described here are chelated in similar orientations and by identical residues. These metals are coordinated in a tetragonal manner by the amino acid residues Glu-18, Glu-51, His-54, Glu-94, Glu-127 and His-130 (Fig. 6 ). The distance between the two ions is in the range 3.96-4.04 Å . The X-ray data and analysis and the microPIXE experiments described here have both identified the metal ions in the ferroxidase centre as zincs. The X-ray evidence is based on the coordination geometry of the ions, their B factors and the absence of strong difference peaks at the K-absorption edge of iron calculated at 10-1.9 Å resolution with phases from the refined model. The peak height for the haem iron was 62r, while the peak height of ions at the dinuclear site was in the range 7r-8r, which is comparable with sulfur peaks of 6r-9r. The f 00 values for these elements, iron, zinc and sulfur, respectively, are predicted to be 3.9, 0.8 and 0.7 electrons [25] . The relative peak heights suggest that the iron and zinc sites are close to full occupancy.
The conclusions from the microPIXE analysis are that the main metal ions present in the protein are iron and zinc. Any metal at a level higher than 0.25 atoms per protein molecule would have been above the limit of detection for the technique. The 2.5-Å structure previously reported [3] also contained zinc and iron but the results from that study suggested the presence of a mixed species in the ferroxidase centre, whereas our X-ray data show that iron is only present at the haem site since this is the only position where we observe strong anomalous difference peaks. The binding of non-transition-metal ions to the ferroxidase site can be excluded by the B factors observed and the protein ligands available for binding. Manganese and copper are less likely to bind owing to their low affinity for tetragonal co-ordination sites. When the structure was refined with zinc ions in the dinuclear site, with no dictionary description imposed on the ligands, the resultant structure was consistent with known zinc ion/ligand distances.
The high-resolution structure of this endogenously expressed E. coli bacterioferritin shows the binding of zinc atoms at the ferroxidase centre. This is in agreement with the recently described X-ray structure of the bacterioferritin from M. smegmatis [5] where zinc has been identified at the dinuclear site by the anomalous signal at the zinc edge. Zinc has previously been shown to bind much more strongly than iron at this site and to have a strong inhibitory effect on the reduction of iron(II) to iron(III) and its subsequent deposition into the iron core [26] . The implication of zinc binding at the ferroxidase centre and what this means with regard to iron transport cannot be resolved solely by the crystallographic analysis reported here since this will depend on the overall mechanism of bacterioferritin, which is still open to discussion.
Conclusions
The structure of an unknown protein copurifying with a recombinant AKR expressed in E. coli has been determined by X-ray crystallographic methods using the technique of MAD phasing. This has identified the unknown protein to be the E. coli bacterioferritin whose structure has been solved to 1.9-Å resolution and shows similarity to other previously reported structures of this protein (C a RMS deviation 0.217 Å ; 2HTN). This new improved-resolution structure has been shown to be in complex with two potentially inhibitory zinc ions bound in the ferroxidase active site which have not previously been seen in an E. coli bacterioferritin crystal structure. These zinc atoms in the ferroxidase site are coordinated by identical residues in a geometry similar to what has previously been observed for manganese [1, 2] and mixed iron/zinc [3] . A third trace metal, copper, was shown to be present by the microPIXE experiments but was not observed in the crystal structure. At the resolution presented here, the haem can be seen to bind in two conformations related by twofold symmetry, which is consistent with that expected from the symmetrical nature of the binding site. In addition, the haem water cluster can be seen to connect to the external environment, providing a link between the internal and the external environment of the bacterioferritin molecule, which has not been seen in previously reported structures. Fig. 6 The two zinc ions located at the ferroxidase centre represented as grey spheres. The distances between the zinc ions and the coordinating amino acid residues are shown in angstroms. The picture was produced using PyMOL (Delano Scientific, USA)
Atomic coordinates and structure factors
The atomic coordinates and structure factors have been deposited in the PDB, European Bioinformatics Institute Macromolecular Structure Database with code 2VXI.
